but do not make a sustained contribution to hematopoiesis. [5][6][7] Other cells contribute little to early engraftment, but are very active in long-term blood and bone marrow The engraftment of hematopoietic stem and progenitor cells in lethally irradiated mice was evaluated following repopulation. 3,[8][9][10] The functional activity of these various stem and progenitor cell populations during early transplants of enriched hematopoietic cell populations which were defined by surface antigen and rhodamineengraftment following bone marrow transplants is only beginning to be described, and the details of lineage 123 staining. Phenotypically defined long-term repopulating stem cells, short-term pluripotent progenitors, and relationships between stem cell subsets, the regulation of engraftment by mature blood components, and the kinetics committed myeloerythroid progenitors all rapidly reconstituted splenic cellularity and peripheral red of post-transplant hematopoietic organ repopulation remain unclear. blood cells after transplant into myeloablated animals. In contrast, marrow cellularity was reconstituted only A subset of engraftable hematopoietic stem and progenitor cells has been defined in certain mouse strains by the after transplant of long-term repopulating stem cells. In addition, peripheral blood platelet and lymphocyte cell surface antigen phenotype Thy-1.1 low Lin neg Sca-1 + .
These cells represent approximately 0.05% of total bone counts increased only after transplantation of the longterm repopulating population. Transplantation of marrow and are 500-to 2000-fold enriched for stem and progenitor cell functions as measured by various assays.
13
highly enriched multipotent progenitors resulted in a transient increase in peripheral blood myeloid cells that Significant heterogeneity exists within the Thy-1.1 low Lin negSca-1 + population, based on analysis using additional markoccurred with kinetics similar to that seen after transplant of the primitive stem cell population. Erythroid ers. 5, [14] [15] [16] In particular, the fluorescent mitochondrial dye rhodamine-123 (Rh-123) discriminates a spectrum of stainreconstitution was similar in all groups, suggesting that the effect of myeloerythroid progenitor cells in mouse ing intensities which correlates with cell cycle and cellular activation status as well as p-glycoprotein-mediated efflux marrow transplants is primarily on reconstitution of the erythroid lineage due to splenic hematopoiesis. Collecof the dye. 4, [16] [17] [18] It has been shown that cell populations characterized by bright Rh-123 staining (Rh high ) can tively, these results suggest that the cells which function to rapidly reconstitute the nucleated blood cells in a mediate early engraftment of lethally irradiated animals, but that this engraftment is transient. 6, 19 In contrast, cells which transplant setting are more closely related to primitive, marrow-homing stem cells than to committed stain at a low level with Rh-123 (Rh low ) contribute to early engraftment but also mediate long-term repopulation of all progenitor cells. Keywords: engraftment kinetics; hematopoiesis; progenihematopoietic lineages.
2,4,6, 20, 21 In addition, limiting dilution experiments have revealed a subset of Rh low cells tor cells; flow cytometry that mediates late, sustained engraftment without an early contribution to hematopoietic function, 22 consistent with reports of delayed kinetics of long-term hematopoietic The sustained production of blood cells following bone reconstitution by quiescent stem cells.
9,10,23 marrow transplantation is mediated by hematopoietic stem To clarify the roles played by various hematopoietic cell and progenitor cells contained within the bone marrow populations in post-transplant recovery, we compared the graft. While it is a common perception that hematopoietic repopulation kinetics of bone marrow, spleen, and periphstem cells can be strictly defined as a functionally homoeral blood in mice following lethal irradiation and intrageneous population, the bone marrow stem cell compartvenous injection of each of three hematopoietic cell popument has in fact been demonstrated to consist of a complex lations which reflect the heterogeneity of the mouse stem hierarchy of multipotent cells.
1-4 Some multipotent cells and progenitor cell pool. All three populations are characgive rise to differentiated progeny rapidly after transplant terized by low cell surface expression of the Thy-1.1 antigen (Thy-1.1 low ) and the absence of a panel of antigens characteristic of differentiated hematopoietic lineages than 1% of the total marrow cellularity. Further discrimiwashed immunomagnetic particles (Dynal, Great Neck, NY, USA; sheep anti-rat Ig specificity) were added to the nation of hematopoietic subsets utilized the Sca-1 antigen, 13 which is expressed by transplantable stem cells but not by washed cells at a bead-to-cell ratio of 1:1, and the mixture was incubated for 30 min at 4°C with constant mixing. The the majority of progenitor cells that lack long-term reconstituting potential.
11,12 Thus, the Thy-1.1 low Lin neg Sca-1 neg particles with attached cells were removed from solution by application of a magnetic field, and the remaining cells phenotype identifies a population of colony-forming cells that includes a high frequency of multilineage and lineagewere collected and concentrated by centrifugation. A second round of bead depletion was performed by adding committed progenitors 6,26 but lacks hematopoietic stem cells as defined by long-term reconstitution of recipient ania volume of beads equal to that used in the first depletion. The lineage-depleted cells were then stained with fluormals after transplant. 13 The hematopoietic stem and progenitor cell population defined by the phenotype Thyescein-conjugated anti-Thy1.1 (clone 19XE5), phycoerythrin-conjugated anti-Sca-1 (also known as Ly-6A/E, 1.1 low Lin neg Sca-1 + was further resolved by Rh-123 staining to separate the Rh high (multipotent progenitors that do not clone D7; Pharmingen, San Diego, CA, USA), and biotinconjugated anti-Sca-2 (clone E3 81-2.4), followed after a contribute to long-term engraftment) and Rh low (long-term repopulating multipotent stem cells) subsets as previously wash by streptavidin-Red613 (Immunoselect; Life Technologies, Grand Island, NY, USA). The Sca-2 antigen is used described. 4 We compared the kinetics of blood cell recovery and organ reconstitution in irradiated animals engrafted in this selection protocol as a lineage antigen to label residual lineage-positive cells not removed by magnetic with these populations of stem/progenitor cells. The results support the hypothesis that primitive, non-cycling hematodepletion, as most Sca-2 + bone marrow cells are not longterm repopulating stem cells. 30 The cells were resuspended poietic stem cells mediate both early and late hematopoietic recovery in a transplant setting, and that the impact of in HBSS containing 10 g/ml propidium iodide and filtered through nylon mesh before separation by flow cytometry. cycling/differentiating progenitor cells on engraftment is minimal, mostly contributing to erythroid recovery. 27, 28 A FACSVantage instrument (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) was used for analyThese findings have implications in the human autologous bone marrow/peripheral blood stem cell transplant setting, sis and sorting. Compensations and gains were standardized using a suspension of lymph node lymphocytes stained with where enriched stem cell populations are transplanted in an effort to eliminate contaminating tumor cells. 29 fluorescein-conjugated anti-B220, phycoerythrin-conjugated anti-CD8, and biotin-conjugated anti-CD4, followed after a wash by streptavidin-Red 613. An initial sorting run selected simultaneously for Thy- and dilutions were made from these tubes to obtain the node cells were prepared from pooled inguinal, axillary, desired number of cells based on the electronic count of brachial, and cervical lymph nodes by gentle teasing with the cell sorter. forceps. Both samples were subjected to repeated pipetting and filtered through nylon mesh to remove connective tissue and yield a single cell suspension.
Irradiations and reconstitutions
Recipient animals (C57BL/6J) were exposed to 13 Gy of Hematopoietic stem cell enrichments radiation from a
137
Cs source (Mark I gamma irradiator; JL Sheperd and Associates, Glendale, CA, USA) at a dose rate Red blood cells were lysed by ammonium chloride treatment. Bone marrow cells at a cell density of 5 × 10 7 of 0.5 Gy/min, with the total dose being delivered in two equal fractions separated by 3 h rest. Suspensions of cells cells/ml were reacted for 20 min on ice with a saturating solution of monoclonal antibodies (MoAb) specific for antiwere transplanted by retro-orbital injection under isoflurane anesthesia into irradiated recipient animals. The recipient gens expressed by lymphoid, myeloid, and erythroid lineages, followed by a wash, as previously described. 22 Twice animals were maintained on oral aqueous antibiotics (neomycin sulfate, 2 mg/ml; Biosol, Upjohn, Kalamazoo, showed evidence of engraftment as indicated by red cell production ( Figure 1 ). Sca-1 neg , Rh high , and Rh low recipients MI, USA) for 2 weeks after the delivery of radiation.
all showed an initial decline in hemoglobin concentration until approximately day 12 when concentrations in all Analysis of transplant recipients groups, except the untransplanted control, began to rise. At no time during the first 16 days following reconstitution At various times after transplantation, mice were anesthetized with isoflurane and peripheral blood was obtained can any of these groups be distinguished with respect to red cell production. Rh high and Rh low groups showed similar from the retro-orbital sinus into Anticoagulant Citrate Dextrose Solution USP, Formula A (Baxter Healthcare, Deerred cell production until after day 21, when the Rh high animals exhibited a decline in hemoglobin concentration field, IL, USA). White blood cell (WBC), hemoglobin, and platelet counts were determined with an electronic counter compared to the Rh low animals. In contrast to red cell recovery, the appearance of donor-(STK-S; Coulter Corporation, Miami, FL, USA). After bleeding, mice were sacrificed by cervical dislocation and derived nucleated cells in peripheral blood differed sharply between experimental groups. Donor-derived myeloid cells both femurs and the spleen were removed. The femurs were flushed with 2 ml of HBSS using a 3-cc syringe and a 21-began to appear in the blood of both Rh high and Rh low animals after day 8 and initially increased at the same rate gauge needle. Spleens were gently teased apart in 2 ml of HBSS. All samples were filtered. Nucleated cells from ( Figure 2 ). The frequency of graft-derived myeloid cells in recipients of Rh high transplants declined after day 12, spleens and both femurs were then enumerated with a Coulter Counter Model Z BI (Coulter Corporation). Congenicwhereas production in Rh low transplant recipients continued to increase and eventually formed a sustained plateau. derived peripheral blood, bone marrow, and spleen cells were detected by fluorescein-conjugated MoAbs specific
Myeloid cell production in recipients of the Sca-1 neg grafts was negligible as assessed by peripheral blood analysis. for Ly5.1 (clone A20.1). Cells were phenotyped as T lymphoid, B lymphoid, or myeloid by staining with
The appearance of B lymphocyte cells in the peripheral blood of transplant recipients was consistently observed hybridoma supernatant-derived antibodies specific for CD4, CD8, B220, Mac-1, or GR-1 detected with phycoerythrin only in animals infused with Rh low cells. Biphasic kinetics of B cell reconstitution were observed, with an initial B donkey anti-rat IgG (mouse absorbed, Jackson ImmunoResearch, Grove Park, PA, USA).
cell recovery observed between days 14 and 16 followed by a more robust expansion of B lymphocytes between days 24 and 28 ( Figure 3 ). This recovery of the B lymphocyte compartment was somewhat delayed compared to recovery Results of the myeloid compartment, which began at day 8 ( Figure  2 ). Significant rises in peripheral blood T lymphocyte numGroups of lethally irradiated C57BL/6J mice animals were injected with 10 000 Thy- Blood platelet counts were distinguishable from bone marrow cells. A final group of animals received no transplanted cells and served as a control.
irradiated control animals only in recipients transplanted with Rh low cells (Figure 4 ). Platelet counts increased in On alternate days after reconstitution as indicated in Figures 1-5 , three or four mice from each group were sacrithese animals by day 12 and were subsequently sustained throughout the observation period. Although recipients of ficed and studied. Each mouse was assessed for peripheral blood WBC count, platelet count, and hemoglobin concenRh high cell transplants survived the 24 day observation period, no indication of platelet recovery was observed. tration. Cell numbers recovered from the spleen and femoral bone marrow were also recorded, and the percentage of donor-derived cells in these organs and the expression Spleen engraftment of lineage-specific antigens (monocyte, neutrophil, T and B lymphocyte) was determined for graft-derived cells as Irradiated mice given no bone marrow transplant exhibited an average cell count of 5 × 10 6 cells per spleen, with no well as residual host populations by immunostaining and flow cytometric analysis.
rise in cell numbers apparent during the evaluated time period ( Figure 5a ). Spleen engraftment first became apparent in animals grafted with the Sca-1 neg population. In these Peripheral blood engraftment animals, spleen counts increased at day 8 and peaked at day 10, with the predominant cell type being primitive erythroid Non-injected control mice had a steady decline in hemoglobin concentration from an average of 10.2 g/dl on day 6 to precursors as determined by evaluation of cytospin preparations (data not shown). Animals injected with Rh high 1.5 g/dl on day 14. All untransplanted control animals survived longer than 10 days in our study, indicating that death cells began to exhibit splenic engraftment on day 10, slightly before the recipients of Rh low cells. The Rh high at around 14 days post-irradiation was due to hematopoietic failure rather than acute infection. All transplanted groups transplant recipients peaked in cellular engraftment on day 12 with cell numbers higher than those seen in recipients any time in our study. In contrast, the Rh low cell population engrafted the bone marrow cavity with kinetics similar to of Sca-1 neg cells. Animals transplanted with Rh low cells showed the most delayed spleen engraftment, which peaked the splenic colonization by these cells. Engraftment became evident on day 12 and reached a plateau by day 16, coinciat day 14 with greater cellularity than any of the other groups. After an initial peak count which was four-fold dent with peripheral blood platelet and nucleated cell counts. higher than the spleen cell count seen in normal B/6 mice (about 1 × 10 8 cells), all groups experienced a decline in spleen cell counts and the recipients of Rh low and Rh high cell populations returned to a normal splenic cell count at Discussion around day 24. All transplanted animals maintained engraftment in the spleen during the study, although the It is clear from many previous studies that heterogeneity exists in the stem cell compartment with respect to recipients of Sca-1 neg cells did not survive beyond day 16. Since most of the cells in the spleens of all transplanted engraftment kinetics following bone marrow transplantation. Progenitor cell populations (analogous to the Scaanimals were of the erythroid lineage, expression of the Ly-5 alleles could not be used to determine the percentage of 1 neg and Rh high cells described here) are thought to contribute to rapid engraftment following transplantation but to donor-derived cells because expression of Ly-5 is lost early during erythroid development. 33 provide little contribution to long-term hematopoietic repopulation.
7, 34 In contrast, some preparations of primitive stem cell populations have been shown to contribute almost Bone marrow engraftment exclusively to long-term engraftment and self-sustained hematopoiesis with very little early hematopoietic contriThe number of transplant-derived cells per femur was compared between groups at each timepoint after transplant by bution, as shown by the absence of spleen colony formation or radioprotection. [8] [9] [10] Between these extremes are popuimmunofluorescent staining for the Ly-5 allelic determinants. In contrast to the extensive red cell and spleen lations of cells that seem to function in both the short and the long term. 5, 19, 22 The Rh low subset of cells described here engraftment seen in Figures 1 and 5a , isolated Sca-1 neg and Rh high cell populations completely failed to contribute to fits into this latter category but, based on limiting dilution transplant experiments, also includes a subpopulation of engraftment of the bone marrow cavities (Figure 5b ). Neither group of animals transplanted with these cell popucells that can only function in the long term.
22
To address the specific roles played by defined populations was distinguishable from control or each other at lations within the hematopoietic hierarchy during posteral blood counts in a radiation ablation setting. We found striking differences in the ability of each population to contransplant recovery, we utilized a mouse model which includes a well defined phenotype of bone marrow cells tribute to the engraftment of hematopoietic organs and to the recovery of blood counts. containing virtually all transplantable hematopoietic stem cells.
11,13 These cells are defined by the cell surface antigen All of the hematopoietic progenitor populations we analyzed were able to engraft in the spleen. tally distinct progenitor populations. [35] [36] [37] Utilization of allelic variants of hemoglobin as a marker for chimerism that require multiple growth factors for optimal growth in vitro and produce macroscopic colonies characteristic of in mouse transplant studies would accentuate the role of progenitor cells early in the course of post-transplant recovhigh proliferative potential colony forming cells.
6,20 Thus, these two populations share many characteristics usually ery, since most of the early recovery is of the erythroid lineage and the progenitor populations tested in this series associated with very primitive hematopoietic stem cells, and only transplantation experiments can reveal essential of experiments all performed well by this measure (Figure 1) . differences between the two cell populations. We have defined organ-selective engraftment characteristics of these Recovery of the cellularity of the irradiated bone marrow cavities post-transplant correlated absolutely with the sustwo stem cell populations, and have compared these characteristics to a population (Sca-1 neg ) comprised predominantly tained regeneration of multilineage hematopoiesis following transplant in our study, as previously observed using of committed myeloerythroid progenitors. We examined the role of these cell populations in the engraftment of spebulk populations of cells after 5-fluorouracil treatment of bone marrow donors 38 or by Rh-123 separation of total cific hematopoietic organs, and in the recovery of periph- 21 and that donor-derived T and B lymphocytes can be detected the bone marrow of irradiated recipient animals. Whether this observation is secondary to an inability of committed in the peripheral blood 2-4 weeks after transplant of Rh high progenitor cells. 21 Other studies have also demonstrated a progenitor cells to enter the marrow due to the lack of appropriate adhesion molecules, to selective and unique rapid but self-limited wave of thymocyte development after transplant of Rh high cell populations. 4, 42, 43 In contrast, we proliferative signals or differential cytokine requirements needed by these cells for marrow expansion, or to an inhibidetected no contribution by Rh high cells to the lymphoid lineages in the present experiments (Figure 3 and data not tory effect of active engagement in cell division on initial marrow colonization [39] [40] [41] is not known. The engraftment of shown). The most likely reason for this discrepancy is the specific details of the cell selections utilized in various studthe bone marrow by Rh low cells correlated well with the production of platelets and neutrophils in the peripheral ies. Previous studies have included 50-80% of Sca-1 + Lin neg cells in the Rh high fraction, or have substituted positive blood of recipient animals, suggesting that marrow engraftment is an important factor in both the short-and staining for the c-kit molecule as an alternative to the Thy-1 selection criterion we utilized. Some transient engrafting long-term recovery of these lineages after myeloablative conditioning. In contrast, splenic colonization by progenitor activity may be present in the c-kit + cells that lack expression of Thy-1, a population not evaluated in these cells was sufficient to mediate erythroid recovery.
Although the in vitro pluripotency of the Rh high popustudies. Also, in these studies we have selected only the brightest 10% of cells in the Rh-123 staining distribution lation is well documented, 4,6,20 we observed a very restricted (predominantly erythroid) differentiation potential of as Rh high to minimize overlap with the Rh low subset of stem/progenitor cells. It is likely that the gradient between this population upon in vivo transplantation. This restriction appeared to be related to hematopoietic organ distribution what we have defined as Rh low and Rh high includes many cells with more pronounced short-term repopulating potenduring engraftment of these cells. The ability to differentiate into multilineage progeny is therefore related to tial for the lymphoid and myeloid lineages. Alternatively, the failure to observe more extensive transient engraftment microenvironmental differences at the sites of engraftment. This observation underscores the critical role played by by Sca-1 neg and Rh high cells may be a quantitative issue that could be overcome by an increase in cell dose. However, specific microenvironments in directing differentiation, and shows that cell populations known to include multipotent the observation that both populations contribute very significantly to splenic cellularity and to erythroid recovery progenitors can nonetheless appear to be lineage-committed in a transplant setting. Caution is therefore indicated when post-transplant (Figures 1 and 5a) suggests that the difference between these two populations and the Rh low subset interpreting the overall differentiation potential of transplanted cells. While both the Sca-1 neg and Rh high population is predominantly qualitative. Furthermore, increasing cell doses for these transplants is problematic due to technical predominantly differentiate as myeloid lineages in vitro, both contribute almost exclusively to erythropoiesis upon problems in obtaining sufficient numbers of highly purified cells as well as to the increased potential for cell sorter transplantation due to their preference for expansion in an erythropoietic environment, the mouse spleen. The promicontamination (eg Rh low cells contaminating the Rh high cell preparation) that would introduce additional problems for nent erythroid recovery observed after transplant of any of the cell populations tested in this study would not be data interpretation. The more important conclusion to be reached from this study is that quiescent hematopoietic expected to occur in analogous human transplants, since the human spleen is not hematopoietic and rapid erythroid stem cells (Rh low ) are fully capable of rapid and sustained engraftment, with kinetics similar to that seen in other studrecovery is not observed in the clinical transplant setting.
Hematologic death was not prevented in the recipients ies utilizing cycling progenitor (Rh high ) populations, and comparable to kinetics observed after using whole bone of Sca-1 neg cells, presumably because these animals were not rescued from severe thrombocytopenia or leukopenia.
marrow as a rescue product. 6, 19 In contrast, multipotent progenitor populations (Sca-1 neg ) have little impact on In contrast, recipients of Rh high cells survived the posttransplant period in spite of very little recovery in blood engraftment apart from erythropoiesis, which may be a mouse-specific phenomenon due to the hematopoietic counts (Figures 2-4) . This may suggest a role for non-circulating granulocytes and platelets, perhaps sequestered in nature of the mouse spleen. One interpretation of the present studies, and the results sites of infection and bleeding, that is critical for survival and is not clinically apparent in the blood counts. Therereported by Zijlmans et al, 27 is that progenitor cells (classically defined by lineage commitment) have little fore, while the traditional clinical indicator of engraftment is very useful, the lack of an effect on blood counts after influence on engraftment post-transplant. It is clear from many published experiments, however, that a short-lived a progenitor cell transplant may not necessarily indicate a lack of efficacy of the transplant.
'progenitor effect' is evident as a transient repopulation of hematopoietic tissues after bone marrow transplantation. It In agreement with previously published data, 6,19,21 both the Rh low and Rh high subsets contributed to early myeloid has long been supposed that this effect was due to engraftment of committed progenitor cells which lacked the recovery in this study, while sustained multilineage repopulation was seen exclusively in the animals injected with the ability to proliferate extensively. The present studies sug- 
